Technical  Report  ITL-99-5 
December  1 999 


US  Army  Corps 
of  Engineers 

Engineer  Research  and 
Development  Center 


Computer-Aided  Structural  Engineering  (CASE)  Project 

Rivet  Replacement  Analysis 


by  Erich  Edward  Reichle 


Approved  For  Public  Release;  Distribution  Is  Unlimited 


20000309  044 


Prepared  for  Headquarters,  U.S.  Army  Corps  of  Engineers 

DHC  QUALITY  IJS'BPgGTED  $ 


The  contents  of  this  report  are  not  to  be  used  for  advertising, 
publication,  or  promotional  purposes.  Citation  of  trade  names 
does  not  constitute  an  official  endorsement  or  approval  of  the  use 
of  such  commercial  products. 

The  findings  of  this  report  arc  not  to  be  construed  as  an 
official  Department  of  the  Army  position,  unless  so  desig¬ 
nated  by  other  authorized  documents. 


PRINTED  ON  RECYCLED  PAPER 


U.S.  Army  Engineer  Research  and  Development  Center  Cataloging-in-Publication  Data 

Reichle,  Erich  Edward. 

Rivet  replacement  analysis  /  by  Erich  Edward  Reichle  ;  prepared  for  U.S.  Army  Corps  of 
Engineers  ;  monitored  by  U.S.  Army  Engineer  Research  and  Development  Center, 
Information  Technology  Laboratory. 

89  p.  :  ill. ;  28  cm.  —  (Technical  report ;  ITL-99-5) 

Includes  bibliographical  references. 

1 .  Rivets  and  riveting  —Computer  programs.  2.  Riveted  joints  —  Computer  programs. 

3.  Corrosion  fatigue  —  Computer  programs.  4.  Finite  element  method  —  Computer 
programs.  I.  United  States.  Army.  Corps  of  Engineers.  II.  U.S.  Army  Engineer  Research  and 
Development  Center.  III.  Information  Technology  Laboratory  (U.S.)  IV.  Computer-aided 
Structural  Engineering  Project.  V.  Title.  VI.  Series:  Technical  report  ITL  ;  99-5. 

TA7  E8  no. ITL-99-5 


PREFACE 


This  report  presents  an  analysis  of  the  behavior  of  deteriorated  rivets  used  in  connections 
of  structural  steel  members.  Specifically,  the  effect  of  material  loss  due  to  corrosion  is 
assessed  by  finite  element  analysis.  The  results  of  a  parametric  study  and  recommendations 
for  replacement  criteria  for  deteriorated  rivets  are  provided. 

This  report  is  a  thesis  in  partial  fulfillment  of  the  requirements  for  the  degree  of  Master 
of  Science  in  Civil  Engineering,  University  of  Central  Florida,  Orlando,  FL. 
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U.S.  Army  Engineer  Research  and  Development  Center  (ERDC),  under  the  Computer-Aided 
Structural  Engineering  (CASE)  Project.  Mr.  H.  Wayne  Jones  was  Chief,  CAED,  and 
Mr.  Timothy  D.  Abies  was  Acting  Director,  ITL. 

At  the  time  of  publication  of  this  report,  Dr.  Lewis  E.  Link  was  Acting  Director  of  ERDC, 
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CHAPTER  I 


INTRODUCTION 

Organization  and  Content 

This  thesis  consists  of  five  chapters.  The  first  defines  specific  problems  relating 
to  rivet  deterioration  and  the  issues  that  pertain  to  it.  Also  discussed  are  the  objectives 
of  this  work,  and  its  anticipated  benefits  and  applications.  Concluding  this  chapter  is  a 
brief  discussion  of  the  modeling  methods  used  to  approximate  the  physical  condition  of 
an  installed  and  deteriorating  rivet. 

Chapter  II  contains  a  review  of  prior  studies  performed  on  rivet  deterioration  and 
topics  relating  to  the  validity  of  this  research.  These  topics  include  the  history  of  rivets 
in  the  United  States,  the  behavior  of  different  structural  connections,  the  mechanical 
properties  of  steel  rivets,  and  the  development  of  a  finite  element  model  to  analyze  the 
performance  of  deteriorating  rivets  under  static  loading. 

Chapter  in  presents  in  detail  how  a  7/8-inch  diameter  button  head  rivet  is  modeled 
numerically.  The  finite  element  program  used  to  create  the  model  is  discussed  to  include 
the  selection  of  the  mathematical  elements,  mesh  topography  (number  of  elements),  and 
boundary  conditions  used. 

With  the  computer  model  defined,  Chapter  IV  investigates  the  behavior  of  a 
deteriorating  rivet.  Service  loads  are  applied,  and  a  parametric  study  is  undertaken  to 
determine  relationships  between  material  loss  and  stress  levels  within  the  rivet. 
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Lastly,  Chapter  V  draws  conclusions  from  the  research.  Benefits  gained  from 
the  work  are  also  noted  and  possible  areas  of  future  work  are  addressed. 

Problem  Statement 

Structures  generally  consist  of  individual  members  that  are  connected  together  to 
serve  a  useful  purpose.  For  any  structure  to  perform  successfully,  the  connections  as 
much  as  the  main  load  carrying  members  must  be  in  adequate  condition  to  handle  the 
stresses  experienced  by  the  system.  Periodic  maintenance  and  rehabilitation  of  steel 
structures  are  necessary  throughout  their  useful  life.  For  if  they  are  not,  the  loss  of  a 
sizeable  capital  investment  and  human  life  can  result.  The  lifespan  of  a  structure  varies 
as  a  function  of  how  well  it  is  maintained  and  its  exposure  to  unusual  and  extreme 
occurrences.  Since  riveted  connections  were  widely  used  in  older  structures  currently 
in  need  of  repair,  there  is  particular  interest  in  the  effect  of  material  loss  due  to  corrosion 
in  rivets.  Connection  performance  can  be  significantly  affected  depending  on  its 
type,  configuration,  degree  of  wear,  and  amount  of  rivet  material  loss. 

The  inspection  of  riveted  connections  joining  steel  structures  has  revealed  rivet 
head  deterioration  varying  from  zero  to  one-hundred  percent.  Figure  1  is  a  photograph 
showing  a  series  of  corroded  rivets  in  a  steel  frame  which  forms  the  lower  sector  gate 
of  St.  Lucie  Lock  in  Stuart,  Florida.  Figure  2  is  a  photograph  showing  corroded  rivets 
used  to  connect  plates  which  form  the  bascule  girders  of  the  Palm  Valley  Bridge  in  St. 
Johns  County,  Florida.  Conditions  such  as  these  present  concerns  in  evaluating  the 
integrity  of  structures  and  raise  questions  such  as:  Will  the  deteriorated  rivet  heads  be 
able  to  hold  the  connection  tight?  Is  there  a  minimum  acceptable  amount  of  rivet  head 


Figure  2  -  Corroded  rivets  at  Palm  Valley  Bridge 
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loss?  Does  the  type  of  loading  influence  this  minimum  acceptable  amount?  Can  uniform 
replacement  guidelines  be  established  to  aid  inspectors  and  design  engineers  in  preparing 
maintenance  work  plans  and  specifications? 

In  the  case  of  St.  Lucie  Lock,  the  importance  of  correctly  evaluating  these 
situations  is  even  more  crucial.  Unlike  structures  such  as  the  Palm  Valley  Bridge  which 
can  be  visually  inspected  on  a  regular  basis,  opportunities  to  inspect  locks  such  as  this 
in  a  "dewatered"  condition  are  infrequent.  The  normal  immersion  of  the  structure  in  its 
corrosive,  salt  water  environment  can  cause  problems  that  seem  small  during  inspection 
to  develop  into  larger  ones  later  when  they  cannot  be  seen. 

Research  Issues.  Objective  and  Benefits 

The  research  issues  in  this  thesis  specifically  pertain  to  the  effects  of  progressive 
rivet  head  corrosion  on  the  stress  distribution  in  a  7/s-inch  diameter  steel  button  head 
rivet.  Different  support  condition  assumptions  at  the  rivet  head-base  plate  interface  are 
included.  Also,  the  influence  of  connection  type  (i.e.,  shear,  tension,  combined)  is 
addressed. 

The  primary  objective  of  this  research  is  to  determine,  quantitatively,  an  amount 
of  rivet  head  material  which  may  be  lost  without  compromising  the  integrity  of  the 
connection  of  which  it  is  a  part.  Current  practice  has  been  to  replace  all  rivets  in 
connections  subjected  to  tensile  or  tensile-shear  loading  that  have  heads  corroded  to  the 
point  of  losing  50%  or  more  of  their  lip  (projection  beyond  the  shank)  [7].  This  criteria 
is  arbitrary  though,  and  from  this  research  it  is  anticipated  that  specific  guidelines  for 
rivet  replacement  can  be  established  which  will  reduce  the  subjectivity  in  assessing 
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borderline  cases  for  repairs. 


Modeling  Methods 

A  two-dimensional  axisymmetric  finite  element  model  of  a  7/8-inch  diameter 
button  head  rivet  will  be  developed  to  investigate  the  effects  of  uniform,  progressive 
corrosion  on  the  internal  stress  distribution.  Since  the  amount  of  material  projecting 
beyond  the  shank  develops  stresses  when  the  rivet  is  in  tension,  there  should  be  a 
correlation  between  deterioration  and  stress  within  the  rivet.  These  relationships  will 
be  used  to  determine  a  point  at  which  small  losses  of  rivet  head  material  cause 
significantly  large  and  unsafe  increases  in  stress  within  the  rivet. 


CHAPTER  II 


LITERATURE  REVIEW 

A  literature  review  on  the  topic  of  deteriorating  rivets  and  replacement  criteria 
found  that  very  little  information  exists.  In  fact,  only  one  paper  could  be  located  that 
specifically  addressed  it.  Fazio  and  Fazio  [7]  presented  a  paper  at  the  Second  Bridge 
Engineering  Conference,  Washington,  DC,  which  discussed  problems  the  New  Jersey 
Transit  Corporation  is  having  in  evaluating  their  600  railroad  bridges.  Their  goal  was 
to  develop  rivet  replacement  criteria  which  are  simple,  reliable,  reproducible,  and  can 
be  used  as  a  guideline  by  the  engineer  during  inspection  and  subsequent  rehabilitation. 
They  addressed  the  mechanical  aspects  of  the  problem  including  loading  conditions  and 
failure  modes,  as  will  this  paper.  The  inspection  and  replacement  criteria  they  developed 
were  only  qualitative  in  nature  though,  and  they  concluded  that  "further  studies  should 
attempt  to  determine  the  amount  of  rivet  head  reduction  that  would  be  acceptable  to 
maintain  service  loads.  ” 


Rivet  History 

The  use  of  rivets  and  riveting  techniques  to  assemble  materials  together  has  been 
dated  as  far  back  as  biblical  times  [3].  Their  use  today  can  still  be  observed,  although 
not  as  frequently  as  20  to  30  years  ago.  Rivets  were  the  most  commonly  used  fastener 
in  the  early  days  of  steel  construction,  but  even  then  bolts  made  of  mild  carbon  steel 
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were  also  used.  The  ability  of  rivets  to  expand  and  fill  holes  during  installation  made 
them  the  perfect  type  of  fastener  for  bridges  and  buildings  since  these  structures  required 
tight  fitting  connections.  In  the  1920's  welding  techniques  began  to  improve,  but  rivets 
were  still  preferred  over  welded  construction  because  their  requirements  and  limitations 
were  better  understood.  In  1951,  the  American  Society  for  Testing  and  Materials 
(ASTM)  issued  its  first  specification  for  structural  joints  using  high-strength  bolts. 

Since  then,  the  use  of  structural  rivets  has  steadily  declined  and  today  they  are  rarely 
used  except  in  historical  restoration  projects  such  as  the  Aberjona  River  Bridge  in 
Winchester,  Massachusetts  [  16].  The  extinction  of  rivets  can  be  largely  attributed  to  the 
intense  labor  involved  in  their  installation.  A  quality  job,  much  like  masonry  work, 
depended  a  great  deal  on  the  skills  of  the  construction  laborers.  The  work  had  to  be 
closely  inspected  and  any  rivets  which  were  found  to  be  improperly  installed  had  to  be 
cut  out  and  replaced.  Conversely,  high-strength  bolts  can  be  installed  in  a  relatively 
short  amount  of  time  with  unskilled  labor  and  much  less  quality  control. 

Installation  of  Rivets 

Rivets  used  in  construction  were  a  soft  grade  steel  which  remained  ductile  after 
being  heated.  The  usual  rivet  consisted  of  a  solid,  cylindrical  shank  with  a  manufactured 
head  on  one  end.  The  current  American  National  Standard  for  rivets  V2-inch  nominal 
diameter  or  larger  (ANSI  B18.1.2  -  1972)  [17]  recognizes  six  types  of  manufactured 
heads,  the  most  common  being  the  button  head  (see  Figure  3).  The  rivet  was  heated  in 
the  field  to  a  cherry-red  color  (approximately  1800  -  2300°F),  inserted  into  the  hole  and 
a  head  formed  on  the  blunt  end  with  a  pneumatic  rivet  gun.  The  gun  was  fitted  with  the 
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BUTTON  HEAD  FLAT  COUNTERSUNK 


HIGH  BUTTON  HEAD  OVAL  COUNTERSUNK 


CONE  HEAD  PAN  HEAD 


Figure  3  -  ANSI  Rivet  Head  Types 

proper  die  to  form  the  head  by  rapid,  successive  blows  to  the  rivet.  Shop  riveting  was 
done  in  the  same  fashion  except  the  rivet  was  driven  in  one  stroke  with  a  pressure 
type  riveter.  This  riveter  compresses  the  rivet  with  a  force  between  50  to  80  tons, 
causing  the  rivet  to  expand  and  fill  its  hole  almost  completely  making  a  tighter 
connection.  This  is  why  shop  riveting  is  preferred.  As  the  rivet  cools  it  shrinks  and 
creates  a  clamping  force  between  the  parts  it  connects.  Measurements  have  shown  this 
force  to  approach  the  yield  load  of  the  rivet  [13,15].  This  residual  force  contributes  to 
the  frictional  resistance  of  the  connection,  but  unlike  high-strength  bolts  which  are 
torqued  to  a  specific  pre-tension,  this  force  is  unpredictable  and  is  not  included  in  the 
design  strength  of  a  connection. 
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Structural  Connection  Behavior 

Among  the  various  connections  which  are  used  to  join  structural  steel  members, 
there  are  three  significant  loading  conditions  to  which  they  can  be  subjected.  These  are 
pure  shear,  pure  tension,  and  combined  shear  and  tension. 

When  the  lines  of  action  between  connected  members  are  parallel,  their  fasteners 
are  in  "pure  shear"  (see  Figure  4).  Though  their  may  be  some  eccentricity  introduced 
by  the  geometry  at  the  connection,  it  is  not  significant.  In  this  type  of  joint  the  rivets 
tend  to  be  sheared  off  along  the  planes  of  contact  between  the  members.  If  the  members 
are  arranged  so  that  the  rivet  shear  force  is  divided  up  evenly  between  more  than  one 
plane  of  contact,  the  load-carrying  capability  of  the  rivet  is  theoretically  increased  by  the 
number  of  shear  planes.  In  this  situation  the  function  of  the  rivet  head  is  nominal.  The 
only  concern  is  that  it  can  keep  the  connection  snug  and  prevent  the  rivet  from  possibly 
working  loose. 

Figure  5  shows  a  typical  connection  where  rivets  are  in  pure  tension.  Until  about 
1930,  many  engineers  had  strongly  objected  to  using  rivets  in  tension  loadings  for  fear 
that  the  rivet  heads  might  be  pulled  off.  This  fear  was  unjustified  though  and  results  of 
tests  published  that  year  by  Oliver  and  Wilson  [15]  at  the  University  of  Illinois  showed 
that  they  were  reliable  in  tension  loadings.  Axial  tension  in  fasteners  occurs  in  a  tension 
member  whose  line  of  action  is  perpendicular  to  the  connecting  member.  When  a 
tension  load  is  applied,  the  initial  precompression  of  the  connected  members  is  reduced. 
If  this  load  does  not  exceed  the  precompressive  load,  the  force  in  the  rivet  will  equal  the 
applied  tensile  force  plus  any  remaining  contact  forces.  Increases  in  external  load 
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Figure  6  -  Connections  in  Combined  Shear  and  Tension 

beyond  that  point  will  totally  relax  the  contact  forces,  and  the  tension  in  the  rivet  will 
equal  the  applied  load.  This  assumes  the  rivet  heads  are  full  and  provide  the  area 
needed  to  develop  the  restraining  force.  It  also  assumes  there  is  no  restraint  derived 
from  friction  between  the  shank  and  the  connecting  material  which  seems  logical.  When 
hot  driven  rivets  which  are  initially  compressed  during  installation  begin  to  cool,  they 
contract  both  longitudinally  (providing  a  clamping  force)  and  radially  due  to  the  Poisson 
effect.  This  radial  contraction  presumably  eliminates  most  of  the  contact,  and  therefore 
the  friction  between  the  shank  and  the  connecting  material.  Photographs  showing  sawed 
sections  of  hot  driven  rivets  of  different  sizes  and  grip  lengths  clearly  demonstrate  this 
point  [8],  When  the  tension  member  is  not  perpendicular  to  the  connecting  member  (a 
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more  common  situation),  the  fasteners  are  subjected  to  both  axial  tension  and  shear. 

In  most  commonly  used  connections,  the  effects  of  both  shear  and  tension  must 
be  considered  to  adequately  design  them.  Figure  6  shows  some  typical  connections  that 
are  affected  by  both  shear  and  tension.  In  these  types  of  connections  the  vertical 
component  of  load  being  transferred  is  resisted  by  the  shear  strength  of  the  rivets.  The 
horizontal  component  is  resisted  by  the  rivet  tensile  strength.  An  elliptical  interaction 
curve  can  adequately  describe  the  strength  of  rivets  under  combined  tension  and  shear 
[8].  It  is  used  to  relate  the  shear  stress  component  to  the  critical  tensile  stress 
component.  Again,  as  in  the  case  of  the  pure  tensile  load,  the  rivet  head  is  relied  upon 
to  restrain  the  connecting  material  and  enable  the  rivet  to  fully  develop  the  required 
stress. 


The  Corrosion  Process 

Since  the  condition  of  the  rivet  head  has  been  shown  to  be  an  important  factor  in 
the  performance  of  connections  subjected  to  pure  tension  and  combined  shear  and 
tension,  it  is  prudent  to  review  how  their  deterioration  takes  place.  Depending  on  the 
function  of  the  structure,  the  type  of  steel  used  in  its  construction,  and  the  level  of 
corrosion  protection  used,  the  rivet  head  could  possibly  by  degraded  in  several  ways  [4]. 
In  general,  these  can  be  categorized  as: 

1.  General  atmospheric  corrosion 

2.  Localized  corrosion 

3.  Mechanically  assisted  corrosion 

General  atmospheric  corrosion  is  characterized  by  slow,  symmetrical,  uniform 
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thinning  of  the  material.  It  usually  occurs  in  normal  ambient  conditions.  This  type  of 
corrosion  is  not  considered  crucial,  although  it  can  progressively  build  and  present 
problems  over  long  periods  of  time.  Any  unexpected  failures  from  this  form  of 
corrosion  can  usually  be  avoided  by  regular  inspection.  It  is  the  most  commonly 
encountered  type  of  corrosion  and  is  the  easiest  form  to  measure  [10]. 

Localized  corrosion  occurs  at  certain  areas  within  a  structure  and  proceeds  at  a 
faster  rate  than  general  corrosion.  There  are  at  least  five  types  of  localized  corrosion 
which  can  possibly  occur.  They  are  crevice  corrosion,  pitting  corrosion,  galvanic 
corrosion,  stray-current  corrosion,  and  filiform  corrosion. 

As  the  name  implies,  crevice  corrosion  is  found  in  small  openings  along  the 
perimeter  of  contact  surfaces  between  members.  It  typically  occurs  at  crevices  between 
connected  plates,  or  more  relevant  to  this  study,  at  a  rivet  head-connecting  plate 
interface.  The  environmental  conditions  in  a  crevice  tend  to  be  more  aggressive  than 
those  of  a  clean,  open  surface.  Small  volumes  of  solution  containing  deposits  will 
stagnate  in  the  openings  (usually  a  few  thousands  of  an  inch  or  less)  and  initiate  a 
corrosive  attack  [9]. 

Pitting  corrosion  is  defined  by  small  indentations  or  "pits"  which  penetrate  into 
the  material.  This  type  of  corrosion  can  cause  severe,  localized  loss  of  member  cross- 
sectional  area  including  holes.  The  pits  can  have  various  shapes  and  sizes  which  may 
contribute  to  their  continual  growth  in  much  the  same  manner  as  crevice  corrosion  [10]. 

Galvanic  corrosion  can  occur  when  steels  of  different  electrochemical  potentials 
are  joined.  The  larger  the  potential  difference,  the  more  chance  of  galvanic  corrosion. 
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Since  oxidation  is  accelerated  in  the  material  with  the  higher  potential  (the  anode),  it  is 
necessary  to  make  rivets  and  other  fasteners  with  small  surface  areas  less 
electrochemically  active  than  their  connecting  plates.  This  is  done  by  alloying  them  with 
other  metals  such  as  nickel,  copper,  and  chromium  [2]. 

Stray-current  corrosion  can  occur  if  electrical  currents  are  conducted  along 
improper  paths  in  structures.  Notable  examples  are  welding  generators  and  cathodic 
protection  systems  [18].  If  electrical  currents  from  these  systems  are  grounded  through 
moist  soil  or  water,  corrosion  at  areas  where  these  currents  enter  and  leave  the  structure 
can  occur. 

Filiform  corrosion  (also  known  as  underfilm  corrosion)  initiates  at  points  of 
failure  in  paint  systems  designed  to  inhibit  corrosive  attack.  It  is  observed  as  random 
lines  of  corrosion  underneath  the  paint  film  which  originate  from  the  source  of  the 
defect.  It  is  an  unusual  type  of  attack  since  it  does  not  weaken  or  destroy  metal 
components,  but  merely  affect  surface  appearance.  It  is  a  result  of  paint  system  failure 

[4.9.18] . 

Mechanically  assisted  corrosion  also  occurs,  although  less  frequently  than  general 
and  localized  corrosion.  It  is  usually  associated  with  hydraulic  structures  and  consists 
of  three  types.  They  are  erosion  corrosion,  cavitation  corrosion  and  fretting  corrosion 

[4.9.10.18] . 

Erosion  corrosion  is  caused  by  the  removal  of  material  due  to  the  impacts  of 
particles.  These  particles  are  carried  by  fluids  and  usually  have  a  specific  direction  of 
movement  associated  with  them.  Most  of  the  time  this  movement  is  very  rapid.  This 
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type  of  corrosion  can  be  recognized  by  initial  paint  removal  (in  painted  structures) 
followed  by  identifiable  imprints  due  to  the  particles  causing  the  erosion. 

Cavitation  corrosion  is  a  special  form  of  erosion  corrosion  caused  by  the 
formation  of  negative  pressures  such  as  those  developed  during  high-velocity  turbulent 
flows.  These  pressures  tend  to  remove  any  surface  treatments  and  expose  the 
unprotected  metal.  This  makes  the  metal  highly  susceptible  to  corrosion.  Cavitation 
damage  is  acknowledged  as  being  a  result  of  both  corrosion  and  mechanical  effects. 

Fretting  corrosion  is  a  combination  of  frictional  wear  and  subsequent  corrosion. 

It  results  when  small  vibrational  motions  occur  between  surfaces.  It  also  is  a  special  form 
of  erosion  corrosion.  Red  rust  is  formed  and  is  observable  at  the  contact  surfaces.  The 
amount  of  relative  motion  necessary  to  produce  fretting  corrosion  is  very  small 
(displacements  as  small  as  10  8cm)  [9].  This  type  of  corrosion  is  likely  to  occur  if  rivets 
become  loose  and  their  connections  are  subjected  to  some  degree  of  cyclical  loading. 

Mechanical  Properties 

Rivets  are  made  from  bar  stock  and  their  heads  manufactured  by  either  hot  or 
cold  forming.  Current  specifications  identify  three  types  of  structural  rivet  steels. 

ASTM  specification  A502  [2]  grade  1  rivet  steel  is  made  from  a  low  carbon  steel  and  is 
intended  for  general  applications.  It  is  slightly  weaker  than  ordinary  A36  steel  and  has 
more  ductility.  Rivets  made  from  this  steel  were  used  in  almost  all  structural  work 
where  they  were  used  as  fasteners,  including  construction  with  high-strength  steels. 
ASTM  A502  grade  2  rivet  steel  is  made  from  a  carbon-manganese  alloy.  It  has  a  higher 
strength  than  grade  1,  is  less  ductile,  and  was  developed  for  use  with  higher  strength 
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steels.  The  higher  strength  meant  that  a  smaller  number  was  needed  compared  to  grade 
1  rivets,  but  the  loss  in  ductility  made  them  harder  to  install  and  somewhat  negated  the 
higher  strength  advantage.  ASTM  A502  grade  3  rivet  steel  is  similar  to  grade  2  with 
enhanced  atmospheric  corrosion  and  weathering  resistance. 

Rivet  strength  for  grade  classification  is  specified  in  terms  of  hardness 
requirements.  Table  1  lists  the  mechanical  hardness  requirements  for  A502  rivet  steel. 
The  tensile  strength  of  a  rivet  depends  on  factors  related  to  the  installation  process. 
Driving  temperature,  heating  (soaking)  time,  and  grip  length  can  all  have  an  influence. 

In  general  though,  driving  increases  their  strength  10  to  20  percent.  Typical  stress-strain 
curves  for  A502  grades  1  and  2  show  their  undriven  ultimate  tensile  stresses  to  be 
around  60  kips  per  square  inch  (ksi)  and  80  ksi  respectively  [8].  Their  undriven  yield 
stresses  are  28  ksi  and  38  ksi  [11].  The  American  Institute  of  Steel  Construction  (AISC) 
specifications  [1]  provide  for  an  allowable  tensile  stress  of  23  ksi  and  29  ksi  for  axial 
tension  alone.  This  allowable  value  seems  to  take  advantage  of  the  increase  in  strength 
due  to  driving  if  one  compares  what  it  would  be  with  the  usual  criteria  of  0.6  times  the 


Table  1  -  A502  Rivet  Steel  Hardness  Requirements 


Grade  1 

Grade  2 

Grade  3 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Rockwell  B 

55 

72 

76 

85 

76 

93 

Brinell,  500-kg  load, 
10-mm  ball 

103 

126 

137 

163 

137 

197 

Source:  American  Society  for  Testing  and  Materials  (1993). 
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yield  stress  (0.6  Fy.) 


Finite  Element  Method 

The  finite  element  method  (FEM)  used  in  structural  analysis  is  an  approximate 
method  usually  based  on  an  assumed  displacement  field  [12].  The  approach  is  to  divide 
a  continuous  medium  into  a  finite  number  of  regions  using  basic  geometric  shapes.  Key 
points  on  these  individual  elements  are  selected  as  nodes  where  equilibrium  conditions 
and  continuity  of  displacement  are  maintained.  Mathematical  functions  for  each  element 
degree-of-freedom  (usually  its  nodal  displacements)  are  assumed  which  relate  the 
displacement  at  any  point  on  the  element  to  nodal  displacements.  Stress-strain  and  strain 
-displacement  relationships  in  each  element  are  employed  to  develop  element  stiffness 
equations,  the  relationships  among  nodal  internal  forces  and  nodal  displacements. 
Corresponding  element  stiffness  coefficients  and  equivalent  nodal  loads  are 
determined  using  virtual  work  or  strain  energy  principles.  Finally,  equilibrium  equations 
for  the  nodes  are  written  and  continuity  of  the  nodal  displacements  is  enforced  which 
allows  the  formulation  of  global  stiffness  equations,  the  relationship  among  the  applied 
nodal  loads  and  nodal  displacements  for  the  structure  as  a  whole.  When  structural 
restraints  are  imposed,  the  global  stiffness  equations  may  be  solved  for  the  nodal 
displacements.  From  these  displacements  the  element  stresses  and  structure  reactions  can 
be  determined. 

For  modeling  purposes  a  rivet  head  can  be  defined  as  an  axisymmetric  solid. 

That  is,  a  three-dimensional  body  that  is  developed  by  the  rotation  of  a  planar  section 
about  an  axis.  If  the  loads  applied  to  the  rivet  are  also  axisymmetric,  it  can  be  analyzed 
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by  the  FEM  using  only  a  representative  two-dimensional  section. 

Symmetric  and  Non-Svmmetric  Corrosion 
As  discussed  earlier  in  this  chapter,  the  most  prevalent  form  of  corrosion  is 
general  atmospheric  corrosion.  It  is  also  the  easiest  form  to  measure.  Although  it  is 
understood  that  situations  involving  non-symmetric  material  loss  do  occur,  and  that  they 
presumably  are  more  serious,  an  analysis  simulating  the  symmetrical  corrosion  of  rivets 
will  provide  results  applicable  to  the  majority  of  cases  encountered.  Additionally, 
recommendations  for  replacement  based  on  a  minimum  remaining  uniform  area  criteria 
can  be  applied  in  the  field  with  a  high  degree  of  reliability.  The  use  of  a  symmetrical 
deterioration  pattern  also  enables  the  rivet  to  be  modeled  using  only  one-half  of  its 


geometry. 


CHAPTER  III 


FINITE  ELEMENT  MODEL 

Model  Development 

Since  the  most  commonly  used  rivets  were  either  3/4  or  7/8-inch  button  head  [13], 
it  was  decided  to  develop  a  model  of  the  latter.  The  dimensions  used  for  the  head  and 
shaft  were  the  basic  values  obtained  from  ANSI  B18.1.2  as  demonstrated  in  Table  2. 
The  shaft  grip  length  "L",  can  vary  depending  on  the  size  of  plates  being  connected.  A 
1-inch  grip  length  (two  -  V2- inch  thick  plates  being  joined)  was  assumed  since  it  is 
commonly  encountered  in  construction.  The  specification  also  requires  that  all  rivets, 


Table  2  -7/8-inch  Button  Head  Rivet  Dimensions 


Shank  Diameter 

E  (in.) 

Head  Diameter 

A  (in.) 

Head  Height 

H  (in.) 

Head  Radius 

G  (in.) 

0.875 

1.531 

0.656 

0.775 

Source:  The  American  Society  of  Mechanical  Engineers  (1972). 
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other  than  countersunk  head  types,  be  furnished  with  a  definite  underhead  fillet  with  a 
radius  not  to  exceed  0.062  inch.  For  this  reason,  a  0.03125  (V32)  inch  fillet  was  used. 

Mechanical  properties  assumed  for  the  rivet  model  were  those  of  A502  grade  1 
steel.  However,  a  yield  stress  of  30  ksi  is  used  instead  of  the  undriven  value  of  28  ksi. 
This  value  relates  better  to  the  allowable  stress  of  23  ksi  in  the  AISC  specifications. 

Using  the  Von  Mises  yield  criterion  for  multi-axial  states  of  stress,  any  elements  in  the 
rivet  which  have  yielded  during  the  investigation  are  modeled  to  follow  a  piecewise  linear 
strain  hardening  path  as  shown  in  Figure  7.  Table  3  summarizes  all  mechanical 
properties  used. 


Computer  Program 

NISA,  which  stands  for  Numerically  Integrated  elements  for  System  Analysis,  is 
a  general  purpose  finite  element  program  developed  and  supported  by  Engineering 
Mechanics  Research  Corporation  [6].  It  has  the  ability  to  analyze  a  wide  range  of 
engineering  mechanics  problems.  The  most  notable  for  this  situation  are  the  linear  elastic 
and  elasto-plastic  material  models  coupled  with  linear  and  non-linear  static  analyses. 
Solution  techniques  employ  a  matrix  wavefront  minimization  algorithm,  and  offer  a 
choice  between  conventional  and  modified  Newton-Raphson  iterative  methods  for  solving 
non-linear  problems. 

Pre-  and  post-processing  are  achieved  through  the  use  of  DISPLAY  III,  the  sister 
program  to  NISA.  Included  in  its  pre-processing  (model  creation)  repertoire  is  an 
automeshing  feature  [5].  This  feature  enables  the  user  to  quickly  develop  a  topography 
using  the  geometric  boundaries  of  the  element  being  modeled.  Element  sizes  can  be 
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Stress  (ksl) 


Figure  7  -  Stress-Strain  Diagram  Used  for  Rivet  Steel 


Table  3  -  Steel  Properties  Used 


Property 

Value 

E,  Young's  Modulus 

29,000  ksi 

v,  Poisson's  Ratio 

0.3 

G,  Shear  Modulus 

11,150  ksi 

Fv,  Yield  Stress 

30  ksi 

made  uniform  or  can  be  graded  to  densify  smaller  areas.  Output  features  are 
comprehensive  and  can  be  tailored  to  meet  individual  requirements.  Displacements, 
reactions,  internal  forces,  strain  energy,  and  stresses  (principal,  maximum  shear,  Von 
Mises,  octahedral  shear)  can  all  be  reported.  Various  geometry  plotting  features  are 
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available  and  contour  plots  for  displacements  and  stresses  can  be  done. 

Elements  Used 

NISA  contains  a  library  of  many  types  of  finite  elements.  Each  element  is 
defined  by  two  variables  -  type  and  order.  The  element  type  used  to  model  the  rivet  is 
an  axisymmetric  solid.  Its  use  is  based  on  the  assumption  that  the  geometry,  material 
properties,  loadings  and  corrosion  loss  of  the  structure  being  modeled  are  all  rotationally 
symmetric.  It  has  two  degrees-of-freedom  per  node  (displacement  in  the  r  and  z 
directions).  Figure  8  shows  that  its  state  of  stress  is  defined  by  axial  stresses  in  all  three 
coordinate  directions  (or,  oz,  o(l),  shear  stress  along  the  r  face  in  the  z  direction 
(xrz)  and  shear  stress  along  the  z  face  in  the  r  direction  (x^).  The  element  order  specifies 
its  shape  and  number  of  nodes.  The  axisymmetric  element  used  is  isoparametric  which 
means  the  polynomial  function  used  to  describe  its  shape  also  relates  its  nodal  and 


Figure  8  -  Axisymmetric  Element  Stresses 
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element  displacements.  Quadrilateral  shapes  with  4  to  12  nodes  or  triangles  with  3  or 
6  nodes  can  be  defined  (see  Figure  9).  The  geometry  of  the  quadrilateral  is  almost  as 
good  as  the  triangle  for  modeling  irregular  boundaries,  but  quadrilaterals  generally  give 
more  accurate  results  than  triangles  [12].  The  reason  being  that  a  quadrilateral  usually 
has  more  nodal  displacements  than  a  triangle.  As  such,  its  assumed  displacement 
functions  can  be  of  higher  order  and  thus  more  accurate.  The  element  order  used  for  the 
rivet  model  is  an  8  node  quadrilateral. 

Validity  of  Mesh 

In  developing  a  finite  element  mesh  arrangement,  the  number  of  elements  used 
should  be  increased  in  regions  with  high  stress  gradients.  Elements  should  be  of  regular 
shape  whenever  possible.  This  is  achieved  when  the  element  aspect  ratio  (length: width) 
is  approximately  equal  to  1.  Since  the  objective  of  the  research  is  to  determine  a 
minimum  acceptable  percentage  of  remaining  rivet  head  area,  the  number  of  elements 
used  must  also  be  sufficient  to  degrade  the  model  in  small  enough  intervals  to  find 


(a)  quadrilaterals 


(b)  triangles 


Figure  9  -  Typical  Finite  Elements 
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this  critical  area. 

The  DISPLAY  III  automesh  feature  described  earlier  was  used  to  develop  two 
distinct  models.  The  first  is  designed  so  that  elements  can  be  removed  in  uniform, 
concentric  layers  which  imitates  the  condition  of  general  atmospheric  corrosion.  For  the 
second  model  an  arbitrary,  non-uniform  pattern  of  elements  is  created.  This  pattern  is 
used  to  simulate  the  localized  corrosion  condition.  In  both  cases,  the  removal  of  a  layer 
of  elements  causes  a  reduction  in  the  rivet  head  volume.  Uniform  size  elements  of 
approximately  V32  -inch  in  size  are  used  along  the  circumference  of  the  rivet  head 
boundary  and  around  the  junction  between  the  shank  and  head.  Using  this  size  enables 
each  model  to  be  degraded  in  small  enough  intervals  to  bound  the  solution.  It  is  also 
reasonable  to  assume  that  this  increment  is  the  smallest  value  that  can  be  measured 
accurately  in  the  field.  Elements  farther  away  from  stress  concentration  areas  are 
increased  in  size  to  reduce  model  complexity  and  subsequent  computer  processing  time. 

Boundary  Conditions 

Since  the  force  distribution  at  the  rivet  head-connecting  plate  interface  is  uncertain 
when  a  deteriorated  rivet  is  loaded,  it  is  necessary  to  evaluate  different  assumptions  for 
the  reaction  distribution.  Each  model  is  constrained  to  allow  for  no  translation  in  the  z 
direction  along  every  node  at  the  end  of  the  shank  and  no  translation  in  the  r  direction 
for  all  nodes  along  the  axis  of  symmetry  (see  Figures  10  and  11).  This  satisfies  the 
axisymmetric  condition  and  likely  the  effects  of  a  tight  fitting  shank  in  the  rivet  hole. 

It  also  permits  different  load  distributions  to  be  applied  along  the  underside  of  the  head 
which  simulate  how  the  connecting  plate  and  rivet  head  may  interact. 
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Figure  10  -  FEM  Boundary  Conditions  (Uniform  Model) 


Restrained  against 
movement  in  the  z  direction 


Figure  11  -  FEM  Boundary  Conditions  (Non-Uniform  Model) 


CHAPTER  IV 


STUDY  OF  STRESS  LEVELS  IN  A  DETERIORATING  RIVET 

Applied  Loads 

To  determine  an  acceptable  amount  of  rivet  head  reduction  to  maintain  service 
loads,  both  models  developed  in  Chapter  III  are  loaded  along  the  underside  of  the  lip 
projection  with  an  equivalent  pressure  equal  to  13.8  kips.  This  is  the  allowable  load  for 
a  7/8-inch  grade  1  rivet  in  pure  tension  given  by  AISC.  Three  forms  of  pressure  are 
investigated:  uniform,  triangular-linearly  decreasing  from  the  shank  and  triangular- 
linearly  increasing  from  the  shank.  As  elements  which  comprise  the  bearing  surface  of 
the  rivet  are  removed  to  simulate  corrosion,  the  pressures  are  adjusted  to  equate  to  the 
applied  load.  In  each  case,  the  equivalent  pressure  is  maintained  while  layers  of  the  rivet 
head  are  removed  and  stress  levels  determined. 

Observations  -  Uniform  Model 

Appendix  A  contains  stress  contours  plots  for  the  rivet  at  increasing,  nominal 
levels  of  deterioration  for  all  three  loading  conditions  used.  In  general,  all  three  cases 
begin  with  a  small  zone  of  yielded  elements  around  the  area  of  the  underhead  fillet,  even 
with  a  full  head  (0%  deterioration).  As  the  removal  of  material  progresses,  this  zone  of 
yielded  elements  grows  until  the  ultimate  stress  is  reached.  At  this  point  it  is  presumed 
that  a  crack  develops  and  failure  occurs. 
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It  can  also  be  noted  in  each  of  the  stress  contour  plots  that  the  rivet  head  acts  as 
a  compression  ring  (or  hemisphere  in  3-D)  when  loaded.  In  each  case  a  definite 
volume  of  low  stress  elements  (the  gray  area)  is  formed.  It  separates  the  shank  which 
is  in  tension  from  the  rivet  head  which  is  in  compression. 

Observations  -  Non-Uniform  Model 

Appendix  B  contains  stress  contours  in  the  rivet  at  increasing,  nominal  levels  of 
deterioration  for  all  three  loading  conditions  used.  As  with  the  uniform  model,  all  three 
cases  begin  with  a  zone  of  yielded  elements  around  the  area  of  the  underhead  fillet. 

As  before,  the  zone  continually  grows  until  the  ultimate  stress  is  reached  and  failure 
occurs. 

There  is,  however,  a  notable  difference  in  how  the  stress  is  distributed  within 
the  rivet  head  due  to  the  non-uniformity  of  the  material  loss.  It  can  be  seen  how  the  void 
of  material  which  had  before  acted  as  a  compression  ring,  causes  a  significant  increase 
in  the  level  of  stresses  in  the  rivet  head.  This  is  clearly  demonstrated  by  the  rapid  failure 
of  the  linearly  increasing  pressure  case. 

Material  Loss  Thresholds 

For  correlation  purposes,  it  is  necessary  to  standardize  how  the  material  loss  in 
the  rivet  head  is  measured.  The  most  consistent  method  to  use  would  be  the  total  rivet 
head  volume.  The  percent  deterioration  for  this  method  is  calculated  as: 
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v-v 

%  Deter  ioration  = - *100 

V 

O 

where  V0  =  initial  volume 

V=  remaining  volume 

The  nominal  values  used  to  categorize  the  stress  contour  titles  in  the  appendices  are 
based  on  10%  of  deterioration  for  each  layer  of  elements  that  is  removed. 

Table  4  lists  the  maximum  Von  Mises  stresses  achieved  for  each  load  case  at  each 
level  of  deterioration  investigated  using  the  uniform  model.  The  data  are  also  presented 
in  graphical  form  in  Figure  12.  Referring  to  the  graph,  a  well-defined  point  can  be 
extracted  at  which  the  maximum  stresses  begin  to  rise  sharply  with  very  small  increases 
of  material  loss.  Up  to  this  point,  the  maximum  stresses  have  only  increased 
approximately  7%  from  their  value  with  a  full  rivet  head.  For  the  uniform  pressure 
case,  this  point  occurs  at  approximately  43%  loss  of  total  head  volume.  For  the  linearly 
decreasing  pressure  case  it  occurs  at  41%,  and  for  the  linearly  increasing  pressure  case 
it  is  roughly  28%. 

Table  5  lists  the  maximum  Von  Mises  stresses  achieved  for  each  load  case  at  each 
level  of  deterioration  investigated  using  the  non-uniform  model.  The  data  are  also 
presented  in  graphical  form  in  Figure  13.  As  before,  a  well-defined  point  can  be 
extracted  for  the  uniform  and  linearly  decreasing  pressure  cases.  For  both  cases  it  occurs 
at  approximately  36%  loss  of  total  head  volume.  However,  for  the  linearly  increasing 
pressure  case,  the  model  shows  absolutely  no  tolerance  for  material  loss.  A  definite 
point  of  rapid  stress  increase  cannot  be  identified. 


Table  4  -  Computed  Stresses  (Uniform  Model) 


%  Deterioration 


Nominal 

Total 

Volume 

Uniform 

0 

0 

37.38 

10 

10 

37.62 

20 

19 

38.02 

30 

28 

38.24 

40 

36 

38.49 

50 

43 

39.36 

60 

50 

47.73 

70 

57 

60.79 

Maximum  Von  Mises  Stress*  (ksi' 


Linearly  Linearly 


37.62 


37.97 


38.68 


39.56 


40.91 


44.46 


57.82 


Fy  =  30  ksi,  Fu  =  60  ksi 
**  Solution  did  not  converge 


Max.  von  Mises  Stress  (ksi) 


41.67 


42.08 


42.93 


43.82 


49.49 


57.08 


Load  Distribution 


+  Decreasing  from  shank 
Increasing  from  shank 
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%  Deterioration  (volume) 


Figure  12  -  Max.  Stress  Vs.  Loss  of  Head  Volume  (Uniform  Model) 
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Table  5  -  Computed  Stresses  (Non-Uniform  Model) 


%  Deterioration 

Maximum  Von  Mises  Stress*  (ksi) 

Nominal 

Total 

Volume 

Uniform 

Linearly 

Decreasing 

Linearly 

Increasing 

0 

0 

37.38 

37.62 

41.67 

10 

10 

39.39 

40.01 

46.84 

20 

19 

39.89 

40.50 

58.48 

30 

28 

40.76 

41.40 

** 

40 

36 

43.11 

40.91 

** 

50 

44 

51.27 

57.49 

** 

60 

51 

61.96 

** 

*» 

70 

57 

** 

** 

** 

Fy  =  30  ksi,  Fu  =  60  ksi 
**  Solution  did  not  converge 

Max.  Von  Mlses  Stress  (ksl) 


%  Deterioration  (volume) 


Load  Distribution 

—  Uniform 

+  Dacreaalng  from  thank 
Incraaa Ing  from  ahank 


Figure  13  -  Max.  Stress  Vs.  Loss  of  Head  Volume  (Non-Uniform  Model) 


Although  the  three  loading  distributions  used  in  the  stress  level  investigation  can 
bound  the  possible  behavior  of  a  deteriorating  tension  rivet,  it  is  unclear  which  type  of 
distribution  is  most  likely  to  occur.  In  order  to  better  understand  the  variation  of  load 
distribution  along  the  rivet  head,  the  uniform  axisymmetric  finite  element  model  was 
used.  For  this  investigation  the  boundary  conditions  were  modified  by  allowing  no 
translation  in  the  z  direction  at  every  node  along  the  underside  of  the  rivet  head,  and  no 
translation  in  the  r  direction  for  all  nodes  along  the  axis  of  symmetry  as  before  (see 
Figure  14).  This  permits  a  uniform  pressure  of  23  ksi  (the  equivalent  to  a  13.8 
kip  allowable  tension  load)  to  be  applied  along  the  rivet  shank,  and  the  normal  stress 


Applied  Load 


Figure  14  -  Rivet  Head  Load  Distribution  FEM  Boundary  Conditions 
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distribution  (az)  along  the  underside  of  the  head  to  be  determined  at  each  nominal  level 
of  corrosion. 

Results  of  the  study  are  presented  in  Figure  15  as  graphs  of  the  normal  stress 
distribution  versus  the  distance  from  the  rivet  shank.  Each  plot  shows  a  strong 
correlation  to  the  triangular-linearly  decreasing  distribution.  Beginning  with  no 
material  loss  (a),  the  distribution  appears  to  be  exponentially  decreasing  from  the  shank. 
As  the  deterioration  progresses,  it  approaches  the  linearly  decreasing  case.  This  holds 
true  up  until  the  point  at  which  failure  is  about  to  occur  (g).  Here,  the  distribution 
displays  a  modest  range  of  uniformity. 

From  these  results  it  can  be  reasoned  that  the  triangular-linearly  increasing  case 
is  a  severe  and  unlikely  situation.  Therefore,  its  influence  on  determining  replacement 
criteria  should  be  limited  if  not  eliminated.  In  this  study,  however,  it  must  be 
emphasized  that  any  effect  the  connecting  plate  stiffness  has  on  the  distribution  is 


neglected. 
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Figure  15  -  Normal  Stress  Distribution  Vs.  Distance  From  Rivet  Shank 


CHAPTER  V 


CONCLUSIONS  AND  RECOMMENDATIONS 

Replacement  Criteria  for  Tension  Rivets 
When  the  amount  of  rivet  head  material  which  can  be  lost  before  service  load 
stresses  become  too  large  has  been  identified,  replacement  criteria  can  be  more 
confidently  defined.  If  one  assumes  that  the  load  distribution  between  the  rivet  head  and 
the  connecting  plate  behaves  predominately  triangular-linearly  decreasing  as  was  shown 
in  Chapter  IV,  it  is  logical  to  use  the  average  between  the  critical  values  determined  for 
both  the  uniform  and  non-uniform  models  under  this  loading,  coupled  with  a  factor  of 
safety  (FS)  as  the  basis  for  recommending  when  a  tension  rivet  should  be  replaced. 
Using  the  total  head  volume  measurement,  and  a  FS  =  1.1,  one  obtains  an  allowable 
value  of  35%. 

Application  of  this  value  must  take  into  consideration  the  corrosion  history 
(rate)  of  the  connection,  its  frequency  of  inspection,  and  the  number  of  rivets  that  it  has. 
For  example,  one  might  consider  a  tension  connection  such  as  the  one  shown  in  Figure 
5  (see  page  10).  Hypothetically,  all  8  of  the  rivets  over  a  period  of  5  years  have 
corroded  to  the  point  of  losing  30%  of  their  total  head  volume.  The  structure  is  only 
inspected  once  a  year.  Even  though  the  rivets  are  currently  under  the  recommended 
value  of  35%,  the  average  corrosion  rate  is  6%  per  year.  This  means  there  is  a  good 
possibility  that  all  the  rivets  will  not  meet  the  criteria  by  the  time  they  are  inspected  the 
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next  year.  Although  the  connection  contains  8  rivets  (i.e.,  there  is  some  redundancy), 
all  of  them  are  significantly  corroded.  If  the  situation  were  that  only  4  of  the  8  rivets 
were  corroded  30%,  the  tendency  might  be  to  wait  an  additional  year  before  considering 
replacement  of  the  4  rivets. 

Correlation  to  Other  Loading  Conditions 

As  described  in  Chapter  II  under  the  Structural  Connection  Behavior  section,  the 
three  significant  loading  conditions  a  rivet  experiences  are  pure  shear,  pure  tension,  and 
combined  shear  and  tension.  For  the  pure  tension  case,  the  physical  condition  of  the 
rivet  head  has  been  shown  to  be  vital  in  the  performance  of  such  connections,  and  a 
maximum  corrosion  volume  has  been  suggested.  In  the  case  of  pure  shear,  the  condition 
of  the  rivet  head  is  not  as  crucial.  In  such  situations,  the  replacement  criteria 
recommended  by  Fazio  and  Fazio  [7]  appear  sufficient.  They  suggested  that  as  long  as 
there  is  some  partial  head  beyond  the  rivet  hole,  the  corrosion  has  not  extended  into  the 
shank,  and  the  rivet  is  not  loose,  it  can  be  considered  satisfactory  and  need  not  be 
replaced. 

For  the  more  common  situation  of  rivets  subjected  to  combined  shear  and  tension, 
a  rational  approach  would  be  to  assume  an  interaction  equation  between  the  percentage 
of  head  deterioration  and  the  percentage  of  force  (tension  +  shear)  applied  to  the  rivets 
as  tension.  Using  a  straight  line  relationship  (see  Figure  16),  one  observes  that  as  the 
percentage  of  force  that  is  applied  as  tension  increases,  the  tolerable  percentage  of  head 
loss  decreases.  This  relationship  creates  a  region  where  all  possible  combinations  of 
rivet  tension  load  and  head  volume  deterioration  are  acceptable.  This  area  is  bounded 
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by  the  arbitrary  maximum  amount  of  material  loss  that  can  be  tolerated  and  still  keep  the 


rivet  tight  in  pure  shear  (here  taken  to  be  95%)  and  the  recommended  allowable 


0  25  50  75  100 

^  Force  in  Tension 


Figure  16  -  Tension/ Allowable  Deterioration  Interaction 

percentage  of  total  head  volume  deterioration  for  pure  tension  (35%). 

One  can  consider,  for  example,  some  wind  bracing  connected  as  shown  in  the  left 
side  of  Figure  6  (see  page  11).  Assume  the  geometry  of  the  bracing  is  such  that  the 
force  in  each  rivet  is  same  in  both  shear  and  tension  (i.e.,  the  bracing  is  at  a  45°  angle). 
Using  Figure  16,  one  observes  at  the  intersect  of  the  50%  point  on  the  x-axis,  there  is 
an  allowable  deterioration  of  approximately  65%.  Application  of  this  value  is  also 
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dependent  upon  the  evaluation  of  the  connection  corrosion  rate,  frequency  of  inspection, 
and  number  of  rivets  that  it  has  as  for  the  tension  only  case. 


Recommended  Procedure  for  Evaluating  a  Riveted  Connection 
The  engineers  tasked  with  preparing  plans  and  specifications  for  and  supervising 
the  construction  of  rehabilitation  work  will  undoubtedly  make  decisions  on  the 
replacement  of  structural  steel  rivets.  These  decisions  can  affect  the  integrity  of  the 
structure  being  reconditioned  as  well  as  the  cost  of  the  work  being  performed. 

Therefore,  the  formation  of  standard  guidelines  would  be  extremely  beneficial  to  both  the 
engineer  doing  the  work  and  the  organization  that  is  paying  for  it. 

The  following  recommended  procedure  is  a  general  method  which  can  be  applied 
to  any  riveted  structure: 

1.  Visually  identify  all  connections  containing  rivets  which  show  signs  of 
significant  corrosion. 

2.  Categorize  each  connection  as  the  type  which  loads  the  rivets  in  one 
of  the  three  possible  modes  (shear,  tension,  or  combined  shear  and 
tension). 

3.  Clean  the  connections  as  much  as  reasonably  possible  and  measure  the 
amount  of  head  deterioration.  All  headless  and  loose  rivets  shall  be 
replaced  with  high-strength  bolts  regardless  of  connection  type.  A  rivet 
shall  be  deemed  loose  if  it  can  be  felt  to  move  after  being  struck  on  the 
side  of  the  head  in  a  direction  approximately  perpendicular  to  its  shank 
with  a  40  oz.  engineer's  hammer. 

4.  For  shear  connections,  as  long  as  there  a  partial  lip  beyond  the  rivet 
hole  and  the  corrosion  has  not  entered  the  shank,  it  need  not  be  replaced. 

5.  For  tension  connections,  the  measured  amount  of  head  deterioration 
shall  not  exceed  35%  of  its  total  head  volume.  Application  of  this  value 
shall  take  into  consideration  the  corrosion  rate  of  the  connection,  its 
frequency  of  inspection,  and  the  number  of  rivets. 
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6.  For  connections  subjected  to  combined  shear  and  tension,  a  linear 
interaction  between  the  percentage  of  force  in  tension  and  the  amount  of 
tolerable  head  deterioration  (see  Figure  16,  page  36)  shall  be  assumed. 
Application  of  the  value  determined  shall  also  give  due  consideration  to 
the  corrosion  rate  of  the  connection,  its  frequency  of  inspection,  and  the 
number  of  rivets. 


Future  Work 

Although  the  condition  of  uniform,  symmetrical  corrosion  is  the  type  most 
commonly  found,  there  will  also  be  situations  where  the  rivet  is  subjected  to  one  or 
more  of  the  non-symmetrical,  localized  forms  of  corrosion  described  in  Chapter  II.  As 
such,  it  is  also  necessary  to  investigate  the  behavior  of  these  conditions  to  confidently 
prescribe  allowable  limits  as  was  done  for  the  symmetrical  uniform  and  non-uniform 
cases.  The  work  would  have  to  be  performed  in  3-D  to  accurately  model  the  unbalanced 
material  loss  and  leads  to  large,  complicated  models. 

With  most  finite  element  structural  analysis  problems,  the  geometry  used  can 
significantly  affect  the  results  obtained.  The  button  head  rivet,  though  the  most 
commonly  used  rivet,  is  not  the  only  type  found.  Future  work  should  also  investigate 
the  effects  of  corrosion  on  the  behavior  of  other  head  types  (high  button,  cone, 
countersunk,  oval  countersunk,  and  pan)  used. 

Further  studies  should  also  include  physical  testing  of  deteriorated  rivets.  One 
anticipates  that  this  testing  will  correlate  to  and  thus  support  the  theoretical  findings  that 


have  been  presented. 
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DISPLAY  III  -  GEOMETRY  MODELING  SYSTEM  <5.1.0)  PRE/POST  MODULE 
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DISPLAY  III  -  GEOMETRY  MODELING  SYSTEM  <5.1.0)  PRE/POST  MODULE 
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DISPLAY  III  -  GEOMETRY  MODELING  SYSTEM  <5.1.0)  PRE/POST  MODULE 
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DISPLAY  III  -  GEOMETRY  MODELING  SYSTEM  <5, 1,0)  PREXPOST  MODULE 
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DISPLAY  III  -  GEOMETRY  MODELING  SYSTEM  <5.1.0)  PRE/POST  MODULE 
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program.  Service  loads  are  applied  to  determine  the  state  of  stress  within  the  rivet.  Elements  modeling  the  rivet  head  are  then 
made  inactive  to  stimulate  the  corrosion  process.  Additional  analyses  are  performed  incrementally  reducing  the  number  of 
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elements  modeling  the  rivet  head  to  provide  sufficient  data  to  plot  stress  variations  versus  reduction  of  head  area. 
This  plot  is  used  to  identify  a  material  loss  threshold  that  may  exist  and  its  effect  on  rivet  stability.  In  addition,  it 
is  proposed  that  this  research  be  used  to  determine  how  much  rivet  head  material  can  be  lost  before  the  rivet  must 
be  replaced. 
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